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Abstract
Although functional magnetic resonance imaging (fMRI) can be used to study the neural
mechanisms underlying greatly expanded cognitive functions in humans like tool use,
surprisingly little fMRI research has been done on actual tool use. In fact, due to
technical constraints, most fMRI studies have used pantomimed actions as a proxy for
real use. However, human neuropsychology patients who are impaired at pantomiming
often improve when handling a tool suggesting potential neural differences. We used
fMRI to record brain activation while 13 right-handed participants performed one of two
tasks, real or pantomime tool use with one of two tools, a plastic fork or knife. Although
the networks overlapped considerably, real tool use drove greater activation in
sensorimotor regions while pantomime drove greater activation in association cortex,
including the tool network. Results suggest real tool use invokes finer sensorimotor
control while pantomime involves semantic and conceptual aspects that may account for
the neuropsychological differences.

KEYWORDS: fMRI, human tool use, apraxia, pantomime, motor control, imagery,
movement sequences
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INTRODUCTION
The progression of human culture and technology has been and continues to be in
large part driven by the ability to create and use tools in order to accomplish all sorts of
tasks. The history of tool use dates back millions of years to our evolutionary ancestors.
The manufacture and consistent use of hand-held stone tools dates back roughly 2 million
years to Homo habilis. With this new frontier came seemingly limitless possibilities,
affording our ancestors new media with which to shape the environment around them
(Tobias 1965). The brain size of H. habilis was considerably larger than that of its
contemporary primates. Furthermore, proportionally larger frontal and inferior parietal
lobes coincide with the unique capacities of this early hominid (Tobias 1987). Since then,
the brain size of hominid species has greatly expanded along with the complexity and
variety of different tools. Thus it stands to reason that the ability to use hand-held
implements may have been a driving force of the rapid expansion of the hominid brain, or
at the very least, an important consequence of this expansion.
From a neuroscientific standpoint, the ability to effectively manipulate tools
offers a unique collaboration of several cognitive abilities. Spatio-temporal calculations
are needed to coordinate the hand, the tool, and eyes en route to accomplishing tool use
goals (Maravita et al., 2002; Berti and Frassinetti, 2000). This is compounded by
semantic representations of the tool and associations with the target as well as the
retrieval of aspects of procedural memory and manual skill (Grafton et al. 1997, Martin
2007). Gaining further understanding of the processing involved in human tool use has
the potential to offer insights into cognition as well as offering a window into our
evolutionary past.
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Over the last century, much of the current knowledge of the neural correlates of
manual tool use has come from neuropsychology studies of patients with acquired brain
damage. Brain injuries may lead to specific deficits in the performance of tool use tasks
(See Buxbaum 2001, Goldenberg and Hagmann,1998, Goldenberg et al. 2004). In
conjunction with neuropsychology, the advent of neuroimaging has contributed
considerable knowledge to the understanding of the neural processes underlying human
tool use (For review see Lewis 2006). Technologies such as functional magnetic
resonance imaging (fMRI) have enabled researchers to observe brain activation relating
to tool concepts in healthy participants. In this way the specific roles of the individual
areas within the network can be disentangled. Some experimental studies of tool use have
approached the issue from a semantic or conceptual perspective (Martin et al. 1996, Chao
and Martin 2000). A second approach has been to look at the neural correlates involved
in the planning and execution of tool use movements (Johnson-Frey et al. 2005).
Ultimately both approaches are necessary in contributing to effective models aiming to
provide a synthesis of both. (Johnson-Frey 2004, Lewis 2006, Ramayya et al., 2010).
A great deal of evidence pertaining to the conceptual representations of tools and
their use comes from the study of patients who suffer from ideational apraxia. This
disorder was defined by De Renzi and Lucchelli (1988) as a defective activation of the
memories of actions. Within the realm of tool use, this “amnesia of usage” manifests
itself through errors not explained by dementia or motor impairment. Specifically patients
misuse tools, leave out crucial steps, or perform actions in an incorrect sequence. (De
Renzi and Luchelli 1988). Furthermore, these types of problems may persist despite
intact semantic knowledge of the tools in question (Rumiati et al. 2001).The most
2

common locus of lesions found in patients exhibiting ideational apraxia is in the left
hemisphere surrounding the junction of the posterior temporal and inferior parietal lobes
(De Renzi and Lucchelli, 1988). This falls in line with the classification of ideational
apraxia made by Hugo Liepmann (1908), who believed this area to be the site of storage
for motor sequences involving tools. Rather than storing these sequences, Heilman et al.
(1982) proposed this region to program the spatial and temporal patterns for skilled motor
acts involving tools. The general consensus from neuropsychological research regarding
the conceptual elements of tool use is that the left posterior temporal lobe and the inferior
parietal lobule are crucial areas for these conceptualizations.
Just as neuropsychology studies have shed light on conceptual processes of tool
use, functional neuroimaging experiments have also helped reveal neural correlates of the
semantic aspects of tool knowledge. The posterior left temporal lobe in and around the
superior temporal sulcus shows activation related to understanding of tool functionality
(Kellenbach et al., 2003) alongside activation of left premotor areas and intraparietal
sulcus. Activation of posterior temporal and left premotor areas was also shown during
tool identification by Martin et al. (1996), suggesting that the task of identifying tools
may include some representation of the associated motor act. Further evidence for the
integration of motor information into tool concepts comes from Chao and Martin (2000),
who also observed activation of left premotor cortex, as well as posterior parietal cortex
(PPC) during the viewing and naming of tools. The PPC, specifically the anterior
intraparietal sulcus (aIPS) is known to be involved in grasping objects, and it has been
shown that activation in the intraparietal sulcus (IPS) during tool viewing is anatomically
posterior to activation ascribed to other graspable objects (Valyear et al., 2007).
3

Therefore the semantic representation of tools may be intrinsically linked to the use of the
implement, with specific grasp properties included within this representation.
Similar to the way conceptual and semantic elements of tool use have been
explored, insights regarding the visuomotor calculations central to tool use have also
been uncovered through behavioural analysis of patients with brain injury. Patients with
ideomotor apraxia (IMA) may exhibit deficits in the use of hand held implements, the
pantomime of gestures relating to these implements, or the imitation of meaningful
gestures including those of tool use (Liepmann 1908; Geschwind and Damasio 1985,
Goldenberg 2009). Importantly, these impairments cannot be explained by other
cognitive or motor disorders. Analysis of the brain lesions of these types of patients has
led to the idea that these impaired abilities stem predominately from damage to the left
hemisphere, most often the left inferior parietal lobule, as well as white matter connecting
parietal areas to premotor and supplementary motor areas. (Leiguarda and Marsden
2000). The core of this impairment is a deficit in communication between brain areas that
connect and transform the spatial and temporal concepts of movements and the brain
areas that generate the motor output (Liepmann 1905, Rothi et al. 1991). Though it is
difficult to pinpoint the precise nature of the impairments through lesion analysis, a left
lateralized parieto-frontal network involving several brain areas becomes apparent.
To provide a clearer picture of the brain network involved in tool use, researchers
have used neuroimaging, which allows for study of brain mechanisms in healthy
individuals. In a comprehensive meta-analysis by Lewis (2006), brain areas commonly
implicated in human tool use experiments were summarized. Lewis’s meta-analysis of 64
neuroimaging paradigms with right-handed participants revealed several commonly
4

activated cortical regions. A reliable network of brain areas was uncovered by this
analysis, with activation being more pronounced within the left hemisphere. Figure 1
presents a summary of the areas common to these studies.

Figure 1: The Tool Network. These three nodes were the most commonly implicated in
the tool use paradigms profiled in Lewis (2006). This network is observed bilaterally for
tool use paradigms involving either hand, though the left hemisphere activation is more
pronounced regardless of the hand used.
The three main nodes of fMRI activation from Lewis’s meta-analysis are the
posterior temporal cortex, superior parietal lobule, and premotor cortex. This reliable left5

hemisphere dominant brain network has been generally accepted as the tool use network.
However, a caveat of the studies reviewed by Lewis (2006) is that the majority of studies
included in the meta-analysis did not actually study real tool use. Rather, the paradigms
included involved pantomimed tool use (11 studies), imagery of tool use (6 studies),
viewing tool images or videos (12 studies), hearing tool sounds (8 studies), naming tool
images (13 studies), and reading tool words (7 studies). In fact, only one of the studies
which involved tool use movements had participants actually using an implement (Inoue
et al., 2001) and that study employed Positron Emission Tomography (PET) rather than
fMRI. This study found common activation for grasping with a tool and grasping with the
hand in sensorimotor (S1/M1) and posterior parietal cortex but not other areas within the
tool network; however, inconsistencies between activation foci even for similar
paradigms within the meta-analysis precludes comparisons between this study and others
using pantomimed tool actions.
The lack of studies investigating neural correlates of real tool use is likely due to
the complicated logistics involved in such a pursuit. In the case of fMRI, to maintain
ecological validity there needs to be naturalistic motion within a constrained space and
the tools can contain no metal. It is difficult to set up the experiment such that there is
direct vision of the action. It is more difficult still to ensure that there is a target object for
the tool action, and that tool actions do not lead to artifacts related to movement of the
head or even movement of the mass of the arm, which distorts the magnetic field (Barry
et al., 2010). These factors make the pantomime of tool use a more manageable choice
for studying tool use type behaviours.

6

But is pantomime a valid proxy for real tool use? Evidence from the study of a
subgroup of patients with ideomotor apraxia suggests that they are not. Despite a deficit
in the ability to pantomime, the performance of tool use gestures in some patients
improves markedly when they interact with an actual tool rather than pantomiming the
actions (Rothi and Heilman 1997, Goldenberg and Hagmann 1998, Randerath et al.
2011).
Improved performance is likely due to more than just a difference in tactile
feedback. Goldenberg et al. (2004) reported that one group of ideomotor apraxia patients
performed significantly better when handling an actual tool and demonstrating its use
than when instructed to perform the same gestures when holding only a handle (although
performance with the handle may nevertheless yield better performance than a pure
pantomime). In fact, even holding of the full tool is not enough. Clark et al. (1994) found
that apraxic patients demonstrated better overall performance during a bread-slicing task
when actually performing the task than when pantomiming, even with the actual tool in
hand. This suggests that the tactile feedback from handling an elongated implement does
not fully invoke tool use routines; rather other factors such as the target object or the toolobject interaction must also be considered.
Goldenberg (2009) put forth the theory that the errors observed in the
performance of apraxic patients may be due to a deficit in encoding spatial relationships,
a process made more difficult when attempting to account for an object that is not
actually in hand. Sunderland et al. (2011) found that patients with IMA were less
successful when attempting to properly grasp inverted tools compared to inverted nontool objects, lending credence to the idea that the calculations required to properly grasp a
7

tool are more demanding than those for other objects, since a proper grasp is one that
allows for efficacious use of the object, and not just its grip and transport. A pantomime
of tool use would have to take this into account whereas having the tool already in hand
would aid in this process. It has also been suggested that the presence of a tool in hand
may constrain, or suggests the possibilities for, movement with the tools (Buxbaum et al.
2003). In this way, there are fewer possibilities of action for the tool network to consider,
thereby making the task considerably less demanding.
Whatever the underlying cause, the behavioural differences suggest a possible
dissociation between the neural mechanisms of tool use and pantomime. Even in much
simpler tasks such as grasping fMRI in healthy participants has suggested differences at a
neural level between real and pantomime. In reaching to grasp an object, the behavioral
properties (Goodale et al., 1994) and neural substrates of real actions (Kroliczak et al.
2007) have been found to differ from pantomime.
The behavioural differences displayed by IMA patients, coupled with the
evidence of dissociation between real and pantomimed actions, bring to light an
overlooked but important consideration. Specifically, there may be neural differences
between tool use and pantomime that can be uncovered using fMRI. One study
(Hermsdorfer et al. 2007) did investigate real and pantomime tool use using fMRI. This
study found a high degree of overlap during execution of the two tasks, but with
relatively greater activation in sensory and motor cortex during tool- use and in the left
IPS during pantomime. However, one limitation of this experiment is that even the
nominally “real” tool use condition was indirect. Specifically, the participant viewed a
video of the tool on a screen and then either performed the action with a tool placed in the
8

hand by the experimenter or pantomimed the action. The present study aims to approach
the question more specifically with more ecologically relevant tool use tasks.
In the current study, participants performed one of two tasks, tool use or
pantomime, with one of two tool types, a plastic fork or knife during a slow event-related
fMRI experiment. The hypothesis was that real tool use would involve a motor-skill
based network in charge of primarily sensory-motor based calculations while the
pantomime of tool use would involve a considerably more semantic and conceptual
network of brain areas, overlapping the sites of lesions within the inferior parietal regions
of the left hemisphere and motor areas seen in apraxic patients who show a behavioural
deficit in this type of task.
METHODS
Participants
Participants in this study were 13 human subjects (7 males and 6 females) with an
age range of 21-30 years. All participants were right-handed according to the Edinburgh
Handedness Inventory (Oldfield, 1971). The procedures for this study were reviewed and
approved by Western University’s Health Sciences Research Ethics Board. Participants
were compensated monetarily for their participation.
Task
Blood oxygenation level-dependent (BOLD) whole-brain activity was measured
using functional magnetic resonance imaging at 3 Tesla during real and pantomimed tool
use with two different tools. All movements were performed uni-manually with the right
hand. During “real tool use” participants were to grasp a tool and perform an action upon
9

the target object, then drop the tool to discard it and return the hand to the starting
position. During “pantomimed tool use” the participants were instructed to make a
gesture of the same tool use motions described above, including the tool discard, but
without the tool in hand. For both real and pantomimed tool use, two tools were used: a
plastic fork and a plastic knife. Furthermore, a flat piece of putty was used as the target
object for both tools. During pantomimed tool use, both the tool and the target object
remained in view but the participant did not interact with them. This ensures that any
differences during planning or execution cannot merely result from vision of the tool or
target. When using the fork, the movement was a repetitive stabbing motion requiring
participants to gently poke the putty until a stop signal was given. When using the knife
participants were to make a gentle scoring of the putty by pushing the knife in a soft
chopping motion. The scoring and chopping motions were chosen so as to maintain a
kinematic similarity across tools while minimizing the amplitude of arm movements,
particularly of the proximal musculature (shoulder and upper arm), which is more likely
to yield mass-motion artifacts than movements of the distal musculature (wrist and
fingers). We chose to use two tools to reduce the predictability of the trials while
providing enough trials per condition to enable future multivoxel pattern analyses. In
total there were four movement types representing the four conditions for this
experiment: real fork (RF), pantomimed fork (PF), real knife (RK), and pantomimed
knife (PK) actions that fell into a factorial 2 x 2 design with action type (real vs.
pantomimed) and tool (fork vs. knife) as factors.
Participants were given practice of the required motions before functional scans
were collected. Instructions were given to match the temporal and spatial elements of the
10

pantomimed action as closely as possible to those of tool use. In this way, the kinematic
differences were minimized so as to limit potential confounding brain activation related
to physical differences between actions.
Experimental Set-up
Participants performed the hand actions in a workspace within direct view.
Participants lay supine with a black wooden platform placed over the trunk of the body.
The tool and target object were placed upon the platform. (Figure 2) The head of the
subject within was tilted approximately 20 degrees from horizontal such that the
workspace was directly visible without mirrors. The coils used to measure BOLD activity
were also tilted. The head rested within the bottom half (six channels) of a 12-channel
head coil, which, like the head, was tilted approximately 20 degrees. A four-channel flex
coil was suspended above the head to add signal to frontal regions without occluding the
subject’s view. A strap was placed across the chest and upper arms of each participant to
minimize unwanted shoulder motion that might translate into head motion. The
movements were all performed along an arc using the elbow as a pivot point, such that
the lower arm and wrist moved with minimal motion of the upper arm and shoulder.
Headphones were worn by each participant so that auditory experimental cues could be
given.
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Figure 2: Experimental Setup. (A) Participants lay with the head and fMRI coils
inclined to allow for direct viewing of workspace. (B) and (C) Real and Pantomimed
Fork Conditions. (D) and (E) Real and Pantomime Knife conditions. During Preview and
Planning phases (i), the participant kept the hand resting at the home position (with
fingers touching the yellow strip on left side of platform) while viewing the tool (in a
holder; upper right of (i), and a slab of red putty on a white plate; center of (i). In the Real
condition, the participant grasped the fork or knife and made a poking action or a slicing
action upon the putty. In the Pantomimed condition, the participant pretended to grasp the
tool above it and then pretended to perform the action above the putty.
Experimental timing
Individual trials lasted a total of 34 s each, consisting of a visual preview,
planning phase, execution phase and inter-trial interval (ITI), as shown in Figure 3.
Participants were required to keep a steady gaze upon a central fixation light for the
duration of experimental runs. The beginning of the trial was signaled by the illumination
12

of the workspace, which revealed the target object and the tool to be used. This preview
phase lasted for 6 s, in which the participant was unaware of which experimental
condition to expect. After 6 s, an auditory cue signaled the trial type with a voice stating
“real” for the actual use condition or “fake” for the pantomime condition (the word
“fake”, rather than “pantomime”, was chosen to have a similar auditory duration as
“real”). Once the action type was cued, there was a 12-s planning phase in which
participants could prepare the upcoming movement. At the end of the 12 s, a beep
signaled the beginning of the execute phase. The execute phase consisted of performing
the real or pantomimed action over 4 s. Within this period the tool was to be grasped,
moved towards the target object, and the action was to be executed repeatedly until the
illumination light shut off. Then the participants discarded the tool gently by dropping it
to their side and returned their hand to the start position. A 12-s ITI succeeded the
execute phase. During this time the participant remained in darkness while maintaining
fixation and a new tool was placed on the platform by the experimenter. The next trial
began when the illuminator revealed the tool to the participant. Each of the four trial
types took place four times per experimental run such that there were 16 total trials per
run. Runs lasted for 34 seconds including the ITI. Each subject participated in at least 8
runs (range 8-10 runs), yielding a total of at least 32 trials per condition.
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Figure 3: Trial Time Course with Sample Activation. This event-related average plot
illustrates the time course of each trial type through each of the experimental phases from
a sample region (from left dorsal premotor cortex), which demonstrates the expected
hemodynamic lag of 4-6 s. Many areas such as this showed a small response to the visual
preview of the object, followed by increased activation during planning and a robust
response following object execution.
MRI acquisition and Preprocessing
A 3 Tesla Siemens TIM MAGNETOM Trio MRI scanner was used to perform
imaging for this experiment. A T1-weighted ADNI MPRAGE sequence (TR = 2300ms
TE = 30, field of view =192 mm x 240 mm x 256 mm, matrix size = 192 x 240 x 256, flip
angle = 9°, 1 mm isotropic voxels) was used to collect the anatomical image. To collect
functional MRI volumes, a T2*‐weighted single‐shot gradient‐echo echo‐planar imaging
(EPI) acquisition sequence (time to repetition (TR) = 2000 ms, slice thickness 3 mm, inplane resolution = 3 mm x 3 mm, time to echo (TE) = 30 ms, field of view = 240 x 240
14

mm, matrix size 80 x 80, flip angle = 90°, and acceleration factor (integrated parallel
acquisition technologies, iPAT) = 2 with generalized auto-calibrating partially parallel
acquisitions (GRAPPA) reconstruction). As described above, the combination of 10
parallel imaging coils were employed to achieve a good signal: noise ratio while at the
same time enabling direct view of the workspace without noise or occlusion. Each
volume comprised 34 contiguous (no gap) oblique slices acquired at a ~30° caudal tilt
with respect to the anterior‐to‐posterior commissure (AC‐PC) plane, providing near
whole brain coverage.
All preprocessing and analyses were performed using Brain Voyager QX (Brain
Innovation, Maastricht, Netherlands, Version 2.4.2.2070). Preprocessing of the functional
volumes included: slice scan-time correction, 3D motion correction (such that each
volume was aligned to the volume of the functional scan closest to the anatomical scan),
high‐pass temporal filtering (2 cycles/run). Functional‐to‐anatomical co‐registration was
completed such that the functional and anatomical scans were put into AC-PC space then
transformed into Talairach space (Talairach and Tournoux, 1988). In addition, a
segmentation of the gray matter-white matter boundary was done to generate a cortical
surface for each individual subject. We then used cortex-based alignment (CBA; Fischl et
al., 1999; Goebel et al., 2006) to transform each subject’s cortical surface into a
dynamically aligned average surface based on cortical curvature (i.e., sulci and gyri).
Because CBA aligns sulci and gyri rather than arbitrary landmarks (as in Talairach
averaging), it substantially improves anatomical overlap between subjects (Fischl et al.,
1999). Functional data was resampled to create mesh time courses, surface maps, and
patches of interest (POIs).
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For each participant, functional data from each session were screened by
examining the time‐course movies and the motion plots created with the motion
correction algorithms to ensure there were no large motion artifacts (> 1 mm translation
or 1° rotation within a run) or magnet artifacts. Action performance was examined off‐
line from videos recorded using an MR‐compatible infrared‐sensitive camera (MRC
Systems GmbH) that was optimally positioned to record the participant’s movements
during functional runs. Videos from each trial were inspected for errors of tool placement
or participant errors such as mishandling or dropping the tool.
All analyses were based on a group-level random-effects (RFX) general linear
model (GLM). Predictors were for each combination of the four conditions (Real Fork,
Real Knife, Pantomime Fork, Pantomime Knife) and three phases (Preview, Plan,
Execute) were generated by convolving a square-wave function with a standard twogamma hemodynamic response function. If an error occurred during the execute phase of
the trial (such as the fumbling or dropping of a tool), predictors of no interest were
included for each of the three phases for that trial.
RESULTS
Based on the RFX GLM, statistical contrasts were performed between different
conditions. The nature of the RFX GLM is such that a univariate t-statistic is calculated
for each voxel. Given that there are thousands of voxels to account for, even relatively
conservative alpha values may result in hundreds of false positives manifested as active
voxels throughout the brain. To account for this multiple comparisons problem the False
Discovery Rate (FDR) multiple comparison correction method was used (Benjamini &
Hochberg, 1995, Genovese et al. 2002). In this method, no more than 5% of the voxels
16

shown (q < 0.05) are likely to arise due to chance (in comparison to 5% of all voxels
when p < 0.05).
The first contrasts examined the similarity of activation for real and pantomime
tool use by comparing activation during the execution phase for each of the two condition
types against the intertrial interval baseline (Figure 4). By comparing activation for real
tool use (vs. baseline) in Figure 4A with that for pantomimed tool use (vs. baseline) in
Figure 4B, note that the two tasks activate a highly similar network of brain regions (area
labels are given in Figures 5 and 6). In the lateral views, the strongest activation (shown
in green for real and yellow for pantomime) is seen in superior parietofrontal cortex,
including the central sulcus, motor cortex (M1), postcentral sulcus, somatosensory cortex
(S1) posterior parietal cortex (PPC), and premotor cortex (including dorsal and ventral
subdivisions, PMd and PMv). Activation in these areas was markedly stronger in the left
hemisphere than the right. In addition, weaker activation (shown in dark blue for real and
dark orange for pantomime) is observed in the middle temporal gyrus (MTG), anterior
middle frontal gyrus (aMFG), and insula. Activation in these areas was comparable in the
two hemispheres. In the medial views, the strongest activation is seen in the
supplementary (and cingulate) motor areas (SMA) and occipital pole, along with weaker
activation in the precuneus. Surprisingly, activation in these areas was stronger in the
right hemisphere than the left.
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Figure 4: Similarity and Overlap of Real Use and Pantomimed Use Activation.
(A) Activation during the execution phases Real Use>Baseline. (B) Activation during
Pantomime Use>Baseline. (C) Overlap of activation>Baseline from both conditions.
Overlap between Real and Pantomimed Use appears in a spectrum between purple
(relatively low significance) and lime green (relatively high significance). The statistical
significance of the activation is represented on the scales below the surfaces.
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The overlap of the activation for real and pantomimed action execution (Figure
4C) reveals a great deal of correspondence between the active brain areas across
conditions. The overlap suggests that there are many common locations involved in
driving these tasks, and this is not surprising considering the similar visuo-kinetic
demands across the conditions. However, the presence of these activation patterns does
not indicate their relative magnitude.
Although the activation for real and pantomimed actions showed strong overlap,
only a direct subtraction between them can reveal differences in the relative activation
levels. Given that some brain areas – namely those in the “default mode network” (Fox &
Raichle, 2007) -may be “deactivated” during task performance with respect to baseline,
direct subtractions may reveal not only differences in activation but also differences in
deactivation. For example, an area may appear in a subtraction of pantomime > real
actions may because it shows greater positive activation (with respect to baseline) for
pantomimed than real actions or because it shows weaker negative deactivation (with
respect to baseline) for real than pantomimed actions. Because areas involved in tool use
would be expected to show higher activation for tool actions than the intertrial baseline, a
conjunction analysis was used to eliminate regions that showed deactivation with respect
to baseline. That is, areas implicated more strongly in real tool use were identified by the
conjunction of (real > pantomime) AND (real > baseline). Conversely areas implicated
more strongly in pantomimed tool use were identified by a conjunction of (pantomime >
real) AND (pantomime > baseline). The result of these contrasts is presented in Figure 5
in blue/green and orange/yellow, respectively. The statistical map is set from t=2.84 to
t=5.0. The minimum threshold was chosen because it represents the most minimum value
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at which the comparisons of conditions survived the false discovery rate correction for
multiple comparisons.

Figure 5: Greater relative activation for each respective condition during execute
phase. Activation for Real>Pantomime use AND Preview phases is shown in blue/green.
Orange/yellow activation represents Pantomime > Real Execute AND Preview phases.
The presentation of these contrasts on the same cortical surfaces reveals a striking
pattern of activation across both hemispheres. The most noticeable pattern is in the
“butterfly” type layout of the different comparisons. From front to back, activation that is
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greater for real use than pantomime is found in the middle of the brain bilaterally and on
both lateral and medial surfaces. Surrounding this central activation are those areas more
active for pantomime than for real use.

Figure 6: Time courses for Areas More Activated by Real than Pantomimed
Actions. Contrasts shown on the inflated cortical surface represent activation greater for
the execute phase of real use condition (blue/green) than pantomime use (orange/yellow)
relative to the preview phase and baseline. Event-related average time courses are shown
for regions activated during the execution of real actions (vs. the execution of
pantomimed actions AND vs. Preview).
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Area labels and event-related average (ERA) time courses (as in Figure 3) are
presented for areas showing greater activation for real than pantomime tool use (Figures
6 and 7) and pantomime over real tool use (Figure 8). Patterns of activation for real use
greater than pantomime (Figure 6) are highly similar bilaterally. Dorsal premotor (PMd),
somatosensory cortex (S1), posterior Sylvian Fissure (pSF), insula, anterior insula, and
cingulate sulcus activation are all present bilaterally. Posterior intraparietal sulcus (pIPS)
was observed unilaterally in the left hemisphere. The magnitude of activation is generally
greater for the left hemisphere, which is contralateral to the hand that is used during
movement execution. The medial aspect of the right hemisphere showed unilateral
activation of cingulate gyrus (CG), cingulate sulcus (CS), and the medial aspect of
superior frontal gyrus (SFG). The coordinates of these brain regions in Talairach space
are listed in Table 1.
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Table 1: Talairach coordinates of brain areas active for (tool use> pantomime) AND
(tool use> preview).
Left Hemisphere

X

Y

Z

SPL

-26

-56

54

PMd

-24

-17

57

Insula

-35

-8

5

Anterior Insula

-27

15

13

pSF

-35

-32

18

Cingulate Sulcus

-11

-27

44

Right Hemisphere

X

Y

Z

PMd

26

-20

62

Insula

33

-18

9

Anterior Insula

35

-3

6

pSF

36

-32

17

SFG

7

-11

52

Cingulate Sulcus

13

-27

42

Cingulate Gyrus

5

-5

38

The areas showing a preference for real tool use differed with regards to the time
courses of activation. Some areas, namely the bilateral PMd, bilateral secondary
somatosensory cortex S2, and left superior parietal lobule (SPL), presented steadily
increased magnitude of activation leading up to the execution of the movements. The
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remaining areas showed very little if any activation during the preview and plan phases,
suggesting that activity was largely motor-driven.

Figure 7: Time courses for Central Areas More Activated by Real than Pantomimed
Actions. Contrasts shown on the inflated cortical surface represent central activation
greater for the execute phase of real use condition (blue/green). Event-related average
time courses are shown for regions activated during the execution of real actions (vs. the
execution of pantomimed actions AND vs. baseline).
Figure 7 shows time courses for different anatomically defined areas within the
large stretch of activation centered upon somatosensory cortex bilaterally. The
subdivisions – M1, Area 5 of the SPL, aIPS at the junction of the intraparietal and post
central sulci, and S1 - show activation profiles similar to one another. That is, the time
courses reveal a ramping of activity within M1 and S1 during the planning phase of the
actions as well as a stronger response during execution. While the latter three areas are
bilateral, the hand area of M1 is active only in the left hemisphere, contralateral to the

24

right hand performing the action.

Figure 8: Time courses for Areas More Activated by Pantomime than Real Actions.
Contrasts shown on the inflated cortical surface represent activation greater for the
execute phase of pantomime use condition (orange/yellow) than real use (blue/green)
relative to the preview phase and baseline. Event-related average time courses are shown
for regions activated during the pantomime of actions (vs. the execution of real use
actions AND vs. Preview).
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Those areas that showed greater activation for the execute phase of pantomime than for
the execute phase of real and the preview phases are shown in orange/yellow (Figure 8).
The pattern of activation observed for this contrast is more left-lateralized than that of the
converse contrast. Bilateral activation (stronger in the left hemisphere) was observed in
PMv, IPS, anterior superior parietal occipital cortex (aSPOC), and cuneus. Activation of
only the left hemisphere was observed in the posterior middle temporal gyrus (pMTG)
and superior temporal sulcus (pSTS), as well as supramarginal gyrus (SMG), and the
anterior middle frontal gyrus (aMFG). Generally, the ERA time courses for the left
hemisphere areas with greater activity for pantomime than for real during the execute
phase show a pattern of increasing activity from the beginning of the preview phase
throughout the following phases. This is especially true of aSPOC, cuneus, and PMv in
the left hemisphere. Within the right hemisphere this same increasing activation pattern is
observed in IPS. Talairach coordinates of these areas are listed in Table 2.
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Table 2: Talairach coordinates of brain areas active for (pantomime> tool use) AND
(pantomime> preview).
Left

X

Y

Z

IPS

-34

-49

35

SMG

-53

-42

43

aMFG

-36

46

24

PMv

-38

-8

46

Cuneus

-6

-87

21

aSPOC

-6

-74

39

SFG

-6

9

53

Right

X

Y

Z

IPS

38

-49

39

PMv

49

-4

44

Cuneus

7

-83

21

aSPOC

7

-68

46

Hemisphere

Hemisphere
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Figure 9: Subcortical activation related to (Real Execute> Pantomime Execute)
AND (Real Execute> Preview). Group data are shown in 3D Talairach space. Eventrelated average profiles present time courses of activation that showed greater activity
during tool use than during pantomime of tools and greater activity during tool use than
preview.
In addition to activation patterns observed on the cortical surface, visible
differences in activity also appear subcortically. The activity presented in Figure 9 shows
activation in bilateral thalamus as well as in the tegmentum of the midbrain, which based
on the coordinates may correspond to the left substantia nigra and right red nucleus.
Although there’s considerable uncertainty in localizing subcortical structures based on
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stereotaxic averaging, the event-related time courses all indicate large execution
responses and weak or no planning responses, consistent with motor and/or
somatosensory functioning. Activation in all of these subcortical areas was driven greater
by the tool use condition than by pantomime, however activity exists for both conditions.
The Talairach coordinates for subcortical activation are listed in Table 3.
Table 3: Talairach coordinates for subcortical activity.
Left hemisphere

X

Y

Z

Thalamus

-15

-23

4

Tegmentum

-9

-27

-8

Right Hemisphere

X

Y

Z

Thalamus

15

-24

8

Tegmentum

2

-23

-3
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Figure 10: Time courses for cerebellum activity during execution of actions.
Contrasts shown represent activation greater for the execute phase of real use condition
(blue/green) than pantomime use (orange/yellow) relative to the preview phase and
baseline, as well as the opposite contrast. Event-related average time courses (TOP) are
shown for regions activated greater for the execution of real actions (vs. the execution of
pantomimed actions AND vs. Preview). Event-related average time courses (BOTTOM)
are shown for regions activated during execution of pantomimed actions (vs. the
execution of real actions AND Preview).
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In addition to subcortical activation, further differences are visible within the
cerebellum. Activation patterns shown in Figure 10 reveal bilateral activation, with an
anterior posterior separation for tool use- driven and pantomime-driven activity
respectively. Activation related to tool use> pantomime and baseline is anterior and more
medial to activation greater for pantomime than for tool use. The Talairach coordinates of
activity in the cerebellum are listed in Table 4.
Table 4: Talairach coordinates for activity within the cerebellum.
Left Hemisphere

X

Y

Z

Anterior

-26

-45

-24

Posterior

-36

-59

-26

Right

X

Y

Z

Anterior

18

-48

-22

Posterior

31

-53

-26

Hemisphere

In order to assess activity associated with the planning of real and pantomimed
tool use a contrast was run looking at each of (Real Plan > Pantomime Plan) AND (Real
Plan > Preview), as well as (Pantomime Plan > Real Plan) AND (Real Plan > Preview).
Direct comparisons between the planning phases did not reveal any foci that survived the
false discovery rate (FDR) correction for multiple comparisons.
In summary, the activation patterns presented in the figures above represent activation
that was present within both the real and the pantomime tool use execution phases. The
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relative magnitude of activation was different between the two conditions for different
brain areas. The greater activation for real than for pantomime is more centrally located
and bilaterally present in dorsal premotor, sensory, and cingulate cortices. Activation that
was more robust for the pantomime than for the real condition was asymmetrical, with
inferior parietal, posterior temporal, and frontal activation present in the left but not right
hemisphere. The parieto-frontal activation that was observed in IPS and PMd bilaterally
for the pantomime>real and preview contrast was close, but noticeably inferior and
anterior to the pIPS and PMd activation observed for real>pantomime.
DISCUSSION
Although tool use and pantomime activated a largely similar network of brain
regions, direct contrasts between the two tasks also revealed striking differences. First,
primary and secondary somatosensory and motor areas surrounding the central sulcus
showed greater activation for tool use than pantomimed actions, highlighting the
increased motor demands and tactile feedback associated with manipulation using a real
implement. Second, frontal and parietal “association cortex” areas anterior and posterior
to these somatosensory and motor zones showed stronger activity for the pantomime
condition, likely related to the greater demands of recalling and maintaining a
conceptualization of how a given tool is used. Importantly, the greater activation in these
areas during the pantomime condition (vs. real) is not likely to be driven by simple visual
differences (as the visual scene was similar between the two conditions) or sensorimotor
differences (which in fact yield effects in the opposite direction: real > pantomime).
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Areas More Activated by Tool use than Pantomime : The Sensorimotor Tool Network
In considering the activation that is of greater magnitude for the execution of tool
use than for pantomime, the specific elements inherent to the tool use task must be
considered. First, and most notably, the tool use condition involves a physical implement.
This means that the motor demands will include factors such as grip formation and
compensation for the tool’s weight (e.g., grip and load forces) and its distribution.
Although both tasks presumably yield some feedback (particularly proprioceptive and
visual) about the location and movements of the hand with respect to the target object,
much richer visual and somatosensory feedback about the interaction of the tool with the
target object is available during tool use compared to pantomime. For example, when
scoring the putty with a knife (compared to pantomiming the same act), the subject sees
exactly the location and orientation with which the knife contacts the putty and feels the
pressure and resistance given by the putty, enabling much more precise monitoring and
control of the action. In the case of tool use, the bodily representation of the arm may be
extended (e.g., Iriki et al., 1996) while it may only be imagined during pantomime. The
brain areas involved in carrying out these functions would be expected to be highlighted
by this contrast.
The contrast showing activation greater for real than pantomimed actions
(constrained to regions where actions produced higher activation than the visual preview)
identified a host of somatosensory and motor areas. Within the activation pattern are
several noteworthy observations. First, in the left hemisphere (contralateral to the acting
right hand), real actions preferentially activated a large contiguous patch that likely
includes M1, S1 and area 5, posterior Sylvian Fissure (pSF) (which likely corresponds to
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S2), as well as areas within the insula. In addition, this patch included the junction of the
postcentral and intraparietal sulci, where grasp-related area aIPS is found. This area has
been implicated in the grasping of objects with the hand (Culham et al., 2003; CavinaPratesi et al., 2010) or with a tool (Gallivan et al., 2009, supplemental materials),
including the control of grip forces (Ehrsson et al., 2003).With the exception of M1,
similar areas were activated in the right hemisphere.
Another important observation is the fact that real actions preferentially activated
secondary motor areas and specifically that these areas appear to be important for motor
planning. Importantly, though most areas driven by this condition had little or no
response during the visual preview and action planning, these secondary motor areas
showed visual responses (PMd, SPL) and plan-related enhancements (PMd, SPL, pSF,
CG). The fact that most of the other areas show little or no activity until the execution
phase comes as no surprise considering that actual movement involves movement-related
calculations and feedback not present during the preview and plan phases. Those areas
that do show an initial response, particularly during the plan phase are perhaps more
interesting. A steady increase in activity from the beginning of the preview phase and
through the planning phase leading up to execution can be observed in the ERA time
course of PMd bilaterally as well as the left SPL. These areas have been shown to contain
information pertaining to upcoming movements. In fact, within these areas some types of
movements can be decoded even before they are executed (Gallivan et al. 2011).
Strong execution-related activity within medial areas adjacent to and including
cingulate sulcus during the tool use task was not surprising considering that the cingulate
sulcus has been implicated as a secondary motor area (Picard and Strick 1996, Chouinard
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and Paus, 2010). However, it was surprising that these areas showed strongest activation
in the right hemisphere, ipsilateral to the acting right hand, rather than the left
hemisphere. This may be a consequence of the fact that the target object was located
within the left visual field, requiring participants to execute the action with the arm
crossing the midline of the body. Therefore if the medial SFG is performing
computations relevant to visual information and/or the position of the hand relative to the
body this may explain the asymmetry observed. Although the activation observed within
the insula was not predicted based on what has been reported in previous tool use studies,
an electroencephalography experiment has reported activation of left insula when
participants evaluated tool-object pairings (Mizelle and Wheaton, 2010). This activation
was part of a larger network including posterior cingulate, precuneus, and superior
temporal gyrus. The results of Mizelle and Wheaton (2010) suggest that these areas may
be involved in coding the spatial relationship between tool and object. The fact that the
current study found higher activation in cingulate and insula for tool use than for
pantomime may also be related to these computations. This task would be considerably
more precise when an actual tool is present than when the tool is imagined.
Overall the collection of cortical areas showing strongest activation for tool use
over pantomime likely reflects the increased sensory-motor demands placed on the brain
when handling an implement. Indeed, similar sensorimotor activations were reported in
the contrast between real and pantomimed action execution in the study by Hermsdorfer
and colleagues (2007). Although their “real” condition did not have subjects directly
viewing the tools and targets, subjects did manipulate a real tool to act upon a target
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object, suggesting that the increased somatosensory feedback alone is a major contributor
to the real-use preference in many of these areas.
Subcortically, within the thalamus and areas of the tegmentum, activity was
driven greater by the execution of real tool use than by pantomime. The thalamus has
been implicated in ideomotor apraxia, and it has been shown that even small lesions that
are within the confines of the thalamus can cause apraxia (Pramstaller & Marsden, 1996).
In the context of tool use, Hermsdorfer et al. (2007) also found greater activity for real
than for pantomimed tool gestures within the thalamus. The sensorimotor differences
including increased demand for precision manipulation is likely responsible for the
increased thalamic activation during the tool use condition. The thalamus then may act as
a relay station between brain areas during tool use to update the cortical network on
current sensorimotor information. Activation within the tegmentum (perhaps the
substantia nigra and red nucleus according to the stereotaxic coordinates) likely reflects
the initiation and regulation of motor activity during the real use condition. (Schultz et
al, 1983, Gibson et al., 1985).
The cerebellum also shows tool-use driven activation. Cerebellar activity has been
implicated in several tool use studies (e.g., Imazu et al, 2007, Johnson-Frey 2005),
though typically it is unilateral on the ipsilateral side. The greater activation we observed
within the right cerebellum for the real-use condition is very close to what was reported
by Imazu et al. (2007) in a contrast between using chopsticks vs. pantomiming or
imagining their use. Higuchi et al. (2007) found similar cerebellar activation during tool
use and imagery. Cerebellar activation related to tool use is believed to reflect an internal
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model of motor calculations that integrate the physical properties of a tool into an
effective visuomotor plan of action (Rieger 2012).
The activation driven more strongly by the tool use than pantomime is generally
limited to primary and secondary motor areas as well as somatosensory areas in the
cerebral cortex. Subcortically activation likely also reflects the visuomotor calculations
that are required to handle a tool. In general this real-use driven network is representative
of the physical demands of tool use. Below, the opposite contrast of areas driven greater
for pantomime than for real use is explored.
Areas More Active During Pantomimed than Real Actions: The Conceptual Tool
Network
The specific roles of the brain areas that are preferentially activated during
pantomime must be considered in the context of what functions must be performed by the
brain in a pantomime task that are not necessary for real use. An obvious consideration is
the fact that in a pantomime task, there is relatively little to no tactile feedback.
Importantly, this lack of tactile information means that a representation of the tool within
the hand must be constructed, perhaps through sensory and motor imagery. There is little
need for precise readjustments of the tool according to the constraints provided by the
tool and its interaction with the target object. Furthermore the extension and therefore
action space of the imagined tool must be estimated and/or imagined rather than being
provided by the physical presence of the tool. Finally, performing a pantomime may rely
less on automatic motor associations and more on learned conceptual associations with
the tool’s function and use.
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The mosaic of areas that show higher response for pantomime use than for tool
use spatially surround the activation of the opposite contrast. The activation quite neatly
incorporates the nodes of the tool use network described by Lewis (2006) – MTG, IPS/
inferior parietal lobule (IPL), PMv - as would be expected considering that pantomime of
tool use has been reported as a reliable means of activating this network. Once again the
left hemisphere activation is stronger for those areas activated bilaterally, and in some
areas (e.g., MTG), activation is only observed in the left hemisphere. This left
hemisphere-dominant asymmetry is consistent with the reported activation observed in
tool use paradigms that have compared pantomime tool use to baseline (Lewis 2006,
Johnson-Frey 2005).
Investigating the activation within the cerebral cortex, the common nodes of the
cortical tool use network of Lewis (2006) include temporal, inferior parietal and frontal
activation, as well as activity within medial frontal cortex. Each node of the network of
brain areas showing stronger activation for pantomime than for real tool use are proposed
to contribute an essential component to the tool use concept. Included in a tool use
concept is a semantic recognition that allows for one to identify an object as a tool.
The posterior temporal lobe within and around the superior temporal sulcus and
middle temporal gyrus has been identified as a site of categorical knowledge specific to
tools (Chao et al., 1999). This area shows activation for identifying tool function
(Kellenbach et al. 2003) and it has been proposed by Beauchamp et al. (2004) as a site of
multisensory integration of visual and auditory attributes of tools. The consensus is that
this area is largely conceptually driven, and therefore the fact that it is driven more by the
pantomime than the tool use condition may be due to the fact that more semantic
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contribution is needed for imagining a tool than for actual manipulation. Rothi et al.
(1997) have suggested that both semantic knowledge and structural properties of objects
contribute to action semantics. Put another way, to successfully use a tool, a conceptual
representation of its use must be coupled with an understanding of the physical
consequences of its manipulation. Since the tool is not in hand during pantomime, both
the physical attributes and by extension the possibilities for action with the “object” must
be maintained in working memory. This sustained demand to recall properties of objects
could explain the increased activation observed in the posterior portion of the temporal
lobe.
The semantic duties of object recognition that are proposed as a function of
posterior temporal lobe are an essential element to inform the motor plan associated with
proper object use. The very nature of recognizing an object as a manipulable tool means
that one understands that this is an object designed for action. In the case of familiar
tools, previous experience and skill with a tool leads to the existence of a motor concept
specific to the tool. The inferior parietal lobule is often thought of as the hub of these
motor concepts (Liepmann, 1908, Buxbaum 2001, Johnson-Frey 2004, Lewis, 2006)
though see Goldenberg et al., (2007) and Goldenberg (2009).
The pantomime condition elicited greater activation within IPL in two main areas,
the anterior SMG and along the ventral bank of IPS. Historically, the IPL has received
much attention within apraxia literature. Hugo Liepmann (1905, 1908) believed it to store
the “movement formulae” that are disrupted in ideomotor apraxia, evidenced by the fact
that lesions to this area produced apraxic deficits.
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A more specific investigation of the contributions of IPL has revealed functional
loci that contribute in specific ways to the completion of tool use tasks. Johnson-Frey et
al. (2005) proposed a segregation of functions within different portions of IPL. An
anterior node that encompasses SMG anterior to the Sylvian fissure is believed to
integrate information to contribute to tool use gesture. A second, posterior node that
spans ventral IPS along superior SMG and angular gyrus (AG) is hypothesized to
represent the motor attributes of tool use skills. In the current study, both of these nodes
show stronger activation during the pantomime condition than for real use. Activation of
the left SMG during pantomime is consistent with the idea that gesture representation
and/or motor skill representation is the responsibility of this area (Haaland et al. 2000,
Buxbaum et al. 2003). Given that pantomime would rely heavily on imagined
representations of movements, it is reasonable that this area would be more active during
this condition.
Interestingly, the activation within IPS for the pantomime > tool use contrast is
anatomically posterior to that activation more driven by tool use. This is consistent with
what was found by Valyear et al. (2007), who found that tool naming consistently
resulted in IPS activation posterior to aIPS as identified by grasp-selectivity. The
dissociation observed here is consistent with the greater online maintenance of the grip
during tool use and the greater requirements for conceptualization of a functional grasp
during pantomime.
After the integration of semantic information into a motor plan or formula, the
next necessary step is the transmission of this plan into the physical output of the tool use
act. Early theories of apraxia (Liepmann 1908, Geschwind, 1965) as well as the more
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contemporary ideas of Heilman and Rothi (1993) have considered praxis to be
constructed within the brain in a posterior (occipito-temporo-parietal) to anterior
(premotor, SMA, M1) fashion. A good candidate for this task of converting a motor plan
associated with a tool to the physical characteristics of tool use execution is ventral
premotor cortex.
If PMv is responsible for converting the motor plan of IPL into a physical reality,
then a great deal of communication between these areas is necessary. Ramayya et al.
(2010) used diffusion tensor imaging to map out connections within the tool network and
found that the majority of projections from IPL terminated in PMv. This parieto-frontal
connection has been proposed to be involved in action organization, including predictive
representations of motor acts within a multi-step action (Bonini et al. 2010). Likewise,
Chao and Martin (2000) have reported simultaneous activation of IPL and PMv when
participants viewed and named tools. This co-activation suggest that the IPL-PMv
pathway is integral to the action concept of a tool. PMv has been credited with
transforming hand actions to account for the properties of objects (Rizzolatti et al. 2002),
and is involved in finger configuration during object manipulation (Binkofski et al.
1999).
Upon closer inspection of the parietal and frontal activation specific to either of
the respective Tool use vs. Pantomime contrasts, an interesting separation can be
observed within the posterior parietal lobe and premotor cortices. Specifically activation
focus observed in SPL for tool use vs. pantomime is superior and posterior to the
activation focus observed in the IPL for pantomime vs. tool use. Likewise, more
anteriorly, a similar separation occurs within premotor cortex, with PMd showing
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stronger activation for the tool use condition and PMv for pantomime. The pattern
produced is that the more dorsal areas within parietal and premotor cortex present more
robust activation for tool use than for pantomime actions, whereas the more ventral
portions show the opposite pattern. Consistent with the patterns observed here,
anatomical tract tracing in the macaque brain shows relatively stronger connections
between SPL and PMd and between IPL and PMv (Tanné-Gariépy, Roullier &
Boussaoud, 2002).
Rizzolatti and Matelli (2003) have proposed that the dorsal visual stream for
online control of action (as proposed by Goodale and Milner, 1992) can be further
separated into a dorso-dorsal stream and a ventro-dorsal stream. The dorso-dorsal stream
is posited to be involved in the online control of action, whereas the ventro-dorsal stream
is believed to be more involved in the higher-order organization of movements such as
the understanding of action goals and cross-talk between action and perception.
The fact that we observed stronger activation in more dorsal regions of posterior
parietal and premotor cortex during real tool use is likely a consequence of a stronger
need for online control during this task. The dorso-dorsal stream is integral in guidance of
the hand and the tool during transport and usage of the tool, taking into account the
spatial relationships necessary for successful completion of this task.
Conversely, activation that was driven more by the pantomime task was observed
more ventrally within IPL and PMv. The pantomime task requires the construction and
maintenance of the concept of the tool itself as well as the proper movements associated
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with its use. As such, there would be more necessity for contributions from the ventral,
conceptual tool areas of IPL and PMv
Along with PMv, another traditionally premotor area that is more driven by
pantomime than real use is medial frontal gyrus (MFG). This activation includes portions
of SMA and pre-supplementary motor area (pre-SMA). The SMA has been reported to be
involved in finger movements as well as movement sequencing (Roland et al, 1980,
Gerloff et al. 1997, Chouinard and Paus 2010). Strong activation in the SMA during a
pantomime task falls in line with these functions, as movement sequences would be of
particular concern when monitoring one’s own movements during pantomime. In line
with the proposal that the SMA is involved in motor imagery are the results of Grafton et
al. (1997), who found left SMA activation that was greater for silent naming of tool use
actions than for silent naming of a the tool itself. Further evidence for the importance of
SMA in multistep actions comes from reports of two patients in whom lesions of the
medial left hemisphere including SMA resulted in ideomotor apraxia (Watson et al.
1986).
The more anterior preSMA is reported to be involved in higher order aspects of
motor control, playing a role in stimulus-response associations for motor sequences
(Rushworth et al 2002, Chouinard and Paus 2010). In the context of pantomime, the less
practiced movement sequence presumably requires more monitoring to ensure the proper
movements are performed. Pre-SMA is a likely candidate for integrating the motor
demands associated with the “fake” command and associating them with the proper
motor sequence output.
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The proposed functions of the areas that are greater for pantomime than real use
are semantic and cognitive in nature. The pantomime task calls upon elements of imagery
and semantic associations. Left anterior middle frontal gyrus (aMFG) activation driven
strongest by pantomime could be driven by the imaginative nature of pantomime. This
area, a portion of the dlPFC (also commonly referred to as Brodmann area 46) has been
found to be active during semantic processing (Demb et al 1995), especially in tasks that
require retrieving perceptually detailed information (Ranganath et al, 2000). During
pantomime of tool use, the defining element of the task was to imagine a tool in hand,
and pretend to interact with an object (the putty) with the imagined implement.
Maintaining a representation of the tool as well as the imagining the interaction of the
tool with the target requires construction of a visualization, contrary to the tool use
condition in which perceptual information is provided by the scene. It is therefore
reasonable to consider that the anterior middle frontal gyrus aids in providing the missing
pieces, granting lower level sensory motor regions access to this information.
The areas showing greater activation for pantomime than for tool use are in
general are highly consistent with reported tool use networks (Lewis 2006, Johnson-Frey
2004). This is consistent with the fact that paradigms exploring tool use have commonly
used pantomime. These areas part of higher order association cortices activation likely
represents more conceptual elements of tool use motions.
As with activation of the cerebral cortex, activation driven more by pantomime
than real use was found in cerebellum. The fact that pantomime activated more posterior
areas of bilateral cerebellum in comparison to more anterior activation for tool use may
be related to the imagery associated with pantomime. In agreement with our findings,
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Higuchi et al. (2007) found that cerebellar activation was located relatively more
posteriorly when participants were requested to imagine using several tools than when
they handled the implements. Likely the more anterior activation reflects sensorimotor
stimulation and feedback relating to the physical characteristics of using a tool as
proposed by Imazu et al. (2007), whereas the motor imagery nature of pantomime may be
driving the more posterior activation. The anterior-posterior division within the dorsal
cerebellum seen here fits well with not just with past work on tools but more generally
with the characterization of an anterior cerebellar focus that is part of a sensorimotor
network and a more posterior focus that is part of a more cognitive network (Stoodley et
al., 2012; Krienen & Buckner, 2009).
The cortical and subcortical activation driven more by the pantomime condition
than by tool use appears to be driven by semantic and conceptual elements of tool use.
This is in contrast to the more tool use driven areas that are sensorimotor in nature. In
general then, the pantomime of tool use calls upon a variety of brain areas that
consolidate the semantic associations of previous tool use and imagery associated with
the pantomime gesture.
Implications for Praxis Models of Tool use
The interpretation of the differences observed between tool use and pantomimed
actions must be considered not only from a sensory-motor standpoint, but also from a
contextual perspective. As described by Crosson in Heilman and Rothi (1997), praxis has
been defined as the execution of learned, skilled actions. These actions are thought to be
separate from declarative memory, however a semantic system of actions involving tools
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may in fact depend upon intact declarative memory. Therefore the deficits observed in
apraxic patients’ ability to produce an effective pantomime may be due to insufficient
access to memory-based information that is supplemented by physical cues when the tool
is actually in hand. Put another way, pantomime of tool use is more of a proactive
process, requiring the creation of context from memory, whereas real use is considerably
more reactive, with cues taken from the objects allowing for access to skilled actions.
Rothi et al. (1991) put forth a model of apraxia that suggested a similar idea.
Specifically, the “action output lexicon” is thought to be the stored representation of
action semantics that are required for meaningful actions. The problems observed in
pantomime for ideomotor apraxics would then be either due to a destruction of these
engrams, or due to a failure to retrieve them. In an analysis of patients with a deficit in
tool use pantomime, Goldenberg et al. (2007) found that lesions most consistently
occurred in the left inferior frontal gyrus, adjacent insula and PMv, and into underlying
white matter. Thus in impaired pantomime, the “action output lexicon” may be cut off
from the motor areas necessary for completion. In the current study, PMv was found to
be more active during pantomime, along with other areas implicated in object semantics
(pMTG/STS, IPS) and motor imagery (SMA, SMG). The results of the current study,
therefore, are consistent with Rothi et al. (1991), and the idea that pantomime involves
more retrieval of semantics than does tool use.
As was previously mentioned, Hermsdorfer et al. (2007) previously sought to
disentangle the neural correlates of real and pantomimes tool use. The results of this
study present a somewhat more detailed account of the differences between the two tasks
than that of Hermsdorfer et al. (2007). The differences are most likely to be driven by the
46

imagery associated with direct view of the hand and workspace, as well as the more
specific tools and tool-related motions that were employed. The paradigm employed by
Hermsdorfer et al. 2007 did not involve direct view of either the real or pantomimed tool
actions. As such, brain areas that may be important to the visualization process,
particularly during pantomime, may have been missed. This may explain why the
pantomime condition of the current study drove widespread left lateralized activation.
Another important difference between this study and that of Hermsdorfer et al. 2007 was
the fact that we employed a relatively small number of tools that involved very similar
kinematics as well as sharing semantic associations. This allowed for a more focused
comparison when considering event related average activity.
The inspiration for this study was the fact that IMA patients who have trouble
pantomiming tool use sometimes show considerably improved performance when
handling a tool, and that this difference in performance cannot be fully explained by
tactile feedback (Goldenberg et al., 2004). The results described above contribute to the
notion that pantomime is a more conceptually demanding process, with less aid from
external constraints to provide context for the proper movements. If indeed the motor
sequences of tool use are stored or constructed in the inferior parietal lobule, then it
would be expected that this area would be recruited to a greater extent for pantomime
than for tool use, because this construction would be more taxing without contextual
cues. This is indeed what is observed, along with the several additional areas of activation
present for the Pantomime>Tool use contrast. (Note that this idea is tempered via the
current examination of right, and not left, hand movements).
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Pantomime as a Proxy for Real Tool use
These results suggest that as a means of localizing the tool network, pantomime
actions are not an unreasonable proxy, particularly if the goal is to locate brain areas that
are not driven by sensorimotor interaction with the tool, but by more cognitive demands
such as imagery, multimodal integration, and semantic associations. If, however, the task
is to understand the intricacies of manipulating a tool, such as visuo-kinetic calculations,
interaction between objects, and sensorimotor contributions, then it is more valuable to
employ a real tool use task.
Strengths and Caveats
Although other neuroimaging studies have compared tool use and pantomime
(Hermsdorfer et al., 2007, Imazu et al., 2007), these results reveal a much more extensive
network of brain areas that showing differences for the tool use vs. pantomime
comparison. In part, the more extensive activation observed here may be due to
technological differences including the use of a higher-field scanner with parallel
imaging and cortex-based alignment. However, as noted, it may also arise from the fact
that our experiment used direct viewing without mirrors under more natural real tool use
conditions.
Another strength of this study was that the design and results make it unlikely that
condition differences could arise from sensory or motor confounds. Most neuroimaging
studies of pantomimed tool use simply ask participants to demonstrate how they would
use a particular tool, without the tool or target object present. Here, even though the tool
and target object were visible throughout the trials – as they were for real use -- we still
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found areas with greater activation for pantomime than real use, suggesting that the goal
of the task is critical rather than the presence or absence of the actual tool. Moreover,
placing the tool and target object in the same locations as they were in the real use
condition ensured that the space in which movements were performed was also matched.
The fact that somatosensory and motor cortices showed a preference for real use suggests
that the activation in areas with a preference from pantomime were not more activated
because of differences in the kinematics of real and pantomimed actions.
The results of this study must be considered with some caveats. The nature of this
task was such that the tool use motions employed differed somewhat from more
naturalistic use. There were time constraints as well as very specific movement
constraints due to the nature of performing these tasks in an MRI scanner. This study was
conducted requiring participants to keep a steady gaze on a fixation point. This may have
taken away from the naturalistic nature of the tasks, but was necessary to exclude eye
movements as a possible reason behind the differing patterns of brain activation.
Perhaps most obviously, the kinematics between the two tasks are not identical, as
handling a real tool necessarily introduces different motion dynamics than simply moving
the hand. These differences are almost certainly a factor in the greater activation observed
for Tool use vs. Pantomime actions. Importantly, however, this means that the activation
differences for Pantomime vs. Tool use actions can not merely arise from confounds due
to these factors.
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Future Directions
The differences described here are informative and provide important information
pertinent to tool use in normal humans, as well as potentially informing models of
apraxia, however there are more analyses to be performed. Specifically there may be
telling information within the plan phase that could offer insight into those areas that are
involved in non-motor differences between the two tasks. To disentangle these areas, a
deconvolution of the planning phase will be performed in which specific time points
within the plan phase are compared. The increasing activation observed within the
planning phase in some of the brain areas profiled suggests that there may be information
at the end of each planning phase. In addition, to account for unusual BOLD signal
changes at the end of the plan phase and at the beginning of the execute phase, an error
predictor will be added which allows for the dismissal of artifactual information.
Furthermore to perform a more in depth analysis of brain areas that showed
activation within both tool use and pantomime, multi-voxel pattern analysis (MVPA) will
be performed in order to determine if the motion types (tool use vs. pantomime) can be
distinguished from one another well enough for a classifier to categorize them better than
chance. The planning phase can also be examined using MVPA to potentially decode the
type of movement to be made based on information from before it is made. In this way
the brain areas involved in tool action planning may come to light. Finally this analysis
can also be used to look for areas of the brain that contain information relating to tool
type, possibly leading to the seeds of tool conceptualization.
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The results of this study also open the door to further investigation of the neural
correlates of real and pantomimed tool use. Inclusion of a condition in which a tactile
implement is employed that does not contain a functional end could offer insights into the
nature of the precise influence of having a tool. Furthermore it would be interesting to
compare pantomime with the object present to that with no objects. It would also add to
the understanding of ideomotor apraxia to compare pantomime to command (as
employed here) to pantomime that is based upon imitation. This may help unravel the
specific deficits observed in patients with brain lesions resulting in apraxia. In
summation, this study offers a good starting point for separating the semantic and
procedural aspects of tool use. There are many new directions in which to take this
investigation.
Conclusion
In conclusion, tool use and tool use pantomime differ considerably not only
behaviourally, but also in terms of the neural networks underlying their use. Tool use,
informed by the sensorimotor feedback as well as the kinetic alterations of handling a
tool, relies heavily on primary motor areas of the brain. Conversely, pantomime tool use,
which is by its very nature a representation of tool use, relies upon the successful
construction of imaginary sensorimotor feedback including semantic and kinetic elements
in order to produce movement patterns resembling those of tool use. This duty ultimately
drives higher order brain areas within association cortex to perform calculations not
needed when handling a real tool. The evidence presented provides insight into a
fundamental human ability that has been critical to the cultural progress of humankind.

51

REFERENCES
Barry, R.L., Williams, M.J., Klassen, L.M., Gallivan J.P., Culham J.C., & Menon, R.S.
(2010). Evaluation of preprocessing steps to compensate for magnetic field distortions
due to body movements in BOLD fMRI. Magnetic Resonance Imaging, 2, 235-244.
Beauchamp, M.S., Argall, B.D., Bodurka, J., Dyun, J.H., & Martin, A. (2004).
Unraveling multisensory integration: Patchy organization within human STS
multisensory cortex. Nature Neuroscience, 7(11),1190-1192.
Benjamini, Y. & Hochberg, Y. (1995). Controlling the false discovery rate: A practical
and powerful approach to multiple testing. Journal of the Royal Statistical Society, 57(1),
289-300.
Binkofski, F., Buccino, G., Stephan, K.M., Rizzolatti, G., Seitz, R.J. & Freund H.-J.
(1999). A parieto-premotor network for object manipulation: evidence from
neuroimaging. Experimental Brain Research, 128(1-2), 210-213.
Bonini, L., Rozzi, S., Ugolotti Serventi, F., Simone, L., Ferrari, P.F. and Fogassi, L.
(2010). Ventral premotor and inferior parietal cortices make distinct contribution to
action organization and intention understanding. Cerebral Cortex, 20(6), 1372-1385.
Berti, A. & Frassinetti, F. (2000). When far becomes near: Remapping of space by tool
use. Journal of Cognitive Neuroscience, 12(3), 415-420.
Buxbaum L.J. (2001) Ideomotor apraxia: A call to action. Neurocase, 7(6), 445-458.
Buxbaum, L.J., Sirigu, A., Schwartz, M.F. & Klatzky, R. (2003). Cognitive
representations of hand posture in ideomotor apraxia. Neuropsychologia, 41(8), 10911113.
Cavina-Pratesi, C.C., Monaco, S., Fattori, P., Galletti, C., McAdam, T.D., Quinlan, D.J.,
Goodale, M.A. & Culham, J.C. (2010). Functional magnetic resonance imaging reveals
the neural substrates of arm transport and grip formation in reach-to-grasp actions in
humans. The Journal of Neuroscience, 30(31), 10306-10323.
Chao, L.L., Haxby, J.V., & Martin, A. (1999). Attribute-based neural substrates in
temporal cortex for perceiving and knowing about objects. Nature Neuroscience,2(10),
913-919.
Chao L.L. & Martin, A. (2000). Representation of manipulable man-made objects in the
dorsal stream. NeuroImage, 12(4), 478-484.

52

Chouinard, P.A. & Paus, T. (2010). What have we learned from perturbing the human
cortical motor system with transcranial magnetic stimulation? Frontiers in Human
Neuroscience, 4(173), 1-14.
Clark, M., Merians, A.S., Kothari, A., Poizner, H., Macauley, B., Gonzalez Rothi, L.J., &
Heilman, K. (1994). Spatial planning deficits in limb apraxia. Brain,117(5), 1093-1106.
Crosson, B. (1997). Subcortical Limb Apraxia. in Rothi, L.J.G. & Heilman, K.M. (Eds.)
Apraxia: The neuropsychology of action. Psychology Press, East Sussex U.K.
Culham, J.C., Danckert, S.L., DeSouza J.F.X., Gati, J.S., Menon, R.S., &Goodale, M.A.
(2003). Visually-guided grasping produces activation in dorsal but not ventral stream
brain areas. Experimental Brain Research, 153(2), 180-189.
De Renzi, E. & Lucchelli, F. (1988). Ideational Apraxia. Brain, 111(5), 1173-1185.
Demb, J.B., Desmond, J.E., Wagner, A.D., Vaidya, C.J., Glover, G.H., & Gabrieli, J.D.E.
(1995). Semantic encoding and retrieval in the left inferior prefrontal cortex: A functional
MRI study of task difficulty and process specificity. The Journal of Neuroscience, 15(9),
5870-5878.
Ehrsson, H.H., Fagergren, A., Johansson, R.S. & Forssberg, H. (2003). Evidence for the
involvement of the posterior parietal cortex in coordination of fingertip forces for grasp
stability in manipulation. The Journal of Neurophysiology, 90(5), 2978-2986.
Fischl, B., Sereno, M.I., Tootel, R.B.H., and Dale, A.M. (1999). High-resolution
intersubject averaging and a coordinate system for the cortical surface. Human Brain
Mapping, 8, 272-284.
Fox, M.D. & Raichle, M.E. (2007). Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nature Reviews Neuroscience, 8, 700-711.
Gallivan, J.P., Cavina-Pratesi, C., & Culham, J.C. (2009). Is that within reach? fMRI
reveals that the human superior parieto-occipital cortex (SPOC) encodes objects
reachable by the hand. Journal of Neuroscience, 29(14), 4381-91.
Gallivan, J.P., McLean, D.A., Valyear, K.F., Pettypiece, C.E., &Culham, J.C. (2011).
Decoding action intentions from preparatory brain activity in human parieto-frontal
networks. The Journal of Neuroscience, 31(26), 9599-9610.
Genovese, C.R., Lazar, N.A., & Nichols, T. (2002). Thresholding of statistical maps in
functional neuroimaging using false discovery rate. NeuroImage, 15(4), 870-878.

53

Gerloff, C., Corwell, B., Chen, R., Hallett, M. & Cohen, L.G. (1997). Stimulation over
the human supplementary motor area interferes with the organization of future elements
in complex motor sequences. Brain, 120(9), 1587-1602.
Geschwind N, Damasio, A.R. (1985). Apraxia. In Vinken P.J., Bruyn, G.W., Klawans,
H.L., editors. Handbook of clinical neurology,45, Amsterdam: Elsevier, 423-432.
Geschwind, N. (1965). Disconnexion syndromes in animals and man. Brain, 88(3), 585644.
Gibson, A.R., Houk, J.C., & Kohlerman, N.J. (1985). Magnocellular red nucleus activity
during different types of limb movement in the macaque monkey. The Journal of
Physiology, 358, 551-570.
Goebel, R., Esposito, F. & Formisano, E. (2006). Analysis of functional image analysis
contest (FIAC) data with Brainvoyager QX: From single-subject to cortically aligned
group general linear model analysis and self-organizing group independent component
analysis. Human Brain Mapping, 27(5), 392-401.
Goldenberg, G. (2009). Apraxia and the parietal lobes. Neuropsychologia, 47, (6), 14491459.
Goldenberg, G. & Hagmann, S. (1998). Tool use and mechanical problem solving in
apraxia. Neuropsychologia, 36(7), 581-589.
Goldenberg, G., Hentze, S. & Hermsdorfer, J. (2004). The effect of tactile feedback on
pantomime of tool use in apraxia. Neurology, 63(10), 1863-1867.
Goldenberg, G., Hermsdorfer, J., Glindemann, R., Rorden, C. Karnath, H. (2007).
Pantomime of tool use depends on integrity of left inferior frontal cortex. Cerebral
Cortex,17(12), 2769-2776.
Goodale, M.A. & Milner, D.A. (1992). Separate visual for perception and action. Trends
in Neurosciences, 15(1), 20-25.
Goodale, M.A., Jakobson, L.S. & Keillor, J.M. (1994). Differences in the visual control
of pantomimed and natural grasping movements. Neuropsychologia, 32(10), 1159-1178.
Grafton, S.T., Fadiga, L., Arbib, M.A. & Rizzolatti, G. (1997). Premotor cortex
activation during observation and naming of familiar tools. NeuroImage, 6(4), 231-236.
Haaland, K.Y., Harrington, D.L. & Knight, R.T. (2000). Neural representations of skilled
movement. Brain, 123(11), 2306-2313.

54

Higuchi, S. Imamizu, H., & Kawato, M. (2007). Cerebellar activity evoked by common
tool use execution and imagery tasks: An fMRI study. Cortex, 43(3), 350-358.
Heilman K.M., Rothi, L.J. & Valenstein, E. (1982). Two forms of ideomotor apraxia.
Neurology, 32(4), 342-346.
Heilman, K. M., & Rothi, L. J. G. (1993). Apraxia. In K. M. Heilman & E. Valenstein
(Eds.), Clinical neuropsychology (pp. 141–164). New York Oxford: Oxford University
Press.
Hermsdorfer, J, Terlinden, G., Muhlau, M. Glodenberg, G. & Wohlschlager, A.M.
(2007). Neural representations of pantomimed and actual tool use: Evidence from an
event-related fMRI study. NeuroImage, 36(2), T109-T118.
Inoue, K., Kawashima, R., Sugiura M., Ogawa, A., Schorman, T. Zilles, K., & Fukuda,
H. (2001). Activation in the ipsilateral posterior parietal cortex during tool use: A PET
study. NeuroImage, 14(6)1469-1475.
Imazu, S. Sugio, T., Tanaka, S. & Inui, T. (2007). Differences between actual and
imagined use of chopsticks: An fMRI study. Cortex, 43(3), 301-307.
Iriki, A., Tanaka, M. & Iwamura, Y. (1996). Coding of modified boy schema during tool
use by macaque postcentral neurons. Neuroreport, 7(14), 2325-2330.
Johnson-Frey, S. H. (2004). The neural bases of complex tool use in humans. Trends in
Cognitive Sciences, 8(2), 71-78.
Johnson-Frey, S.H. (2005). A distributed left hemisphere network active during planning
of everyday tool use skills. Cerebral Cortex, 15(6), 681-695.
Kellenbach, M.L., Brett, M. & Patterson, K. (2003). Actions speak louder than functions:
The importance of manipulability and action in tool representation. Journal of Cognitive
Neuroscience, 15(1), 30-36.
Krienen, F.M. & Buckner, R.L. (2009). Segregated fronto-cerebellar circuits revealed by
intrinsic functional connectivity. Cerebral Cortex, 19(10), 2485-2497.
Kroliczak, G., Cavina-Pratesi, C., Goodman, D.A. & Culham, J.C. (2007). What does the
brain do when you fake it? An fMRI study of pantomimed and real grasping. The Journal
of Neurophysiology, 97(3). 2410-2422.
Leiguarda, R.C. & Marsden, C.D. (2000). Limb apraxias. Brain, 123(5), 860-879.
Lewis, J. W. (2006). Cortical networks related to human use of tools. Neuroscientist,
12(3), 211-231.

55

Liepmann, H. (1905). The left hemisphere and action. London, Ontario: University of
Western Ontario.
Liepmann, H. (1908). “Drei Aufsatze aus dem Apraxiegebiet”. Berlin: Karger.
Maravita, A., Spence, C., Kennett, S. & Driver, J. (2002). Tool use changes multimodal
spatial interactions between vision and touch in normal humans. Cognition, 83(2), B25B34.
Martin A., Wiggs C.L., Ungerleider L.G., Haxby J.V. (1996). Neural correlates of
category-specific knowledge. Nature, 379(6566), 649–52.
Martin, A. (2007). The representation of object concepts in the brain. The Annual Review
of Psychology, 58, 25-45.
Mizelle, J.C. & Wheaton, L.A. (2010). Neural activation for conceptual identification of
correct versus incorrect tool-object pairs. Brain Research, 1354, 100-112.
Oldfield, R.C. (1971). The assessment of and analysis of handedness: The Edinburgh
handedness inventory. Neuropsychologia, 9(1), 97-113.
Picard, N., Strick, P.L. (1996). Motor areas of the medial wall: A review of their location
and functional activation. Cerebral Cortex, 6(3), 342-353.
Pramstaller, P.P. & Marsden, C.D. (1996). The basal ganglia and apraxia. Brain, 119(1),
219-340.
Ramayya, A.G., Glasser, M.F. & Rilling, J.K. (2010). A DTI investigation of neural
substrates supporting tool use. Cerebral Cortex, 20(3), 507-516.
Randerath, J., Goldenberg, G., Spijkers, W., Li, Y, & Hermsdorfer, J. (2011). From
pantomime to actual use: How affordances can facilitate actual tool use.
Neuropsychologia, 49(9), 2410-2416.
Ranganath, C., Johnson, M.K. & D’Esposito, M. (2000). Left anterior prefrontal
activation increases with demands to recall specific perceptual information. The Journal
of Neuroscience, 20, RC108 1-5.
Rieger, M. (2012). Internal models and body schema in tool use. Zeitschrift für
Psychologie, 220(1), 2151-2604.
Rizzolatti, G., Fogassi, L. & Gallese, V. (2002). Motor and cognitive functions of the
ventral premotor cortex. Current Opinion in Neurobiology,12(2), 149-154.
Rizzolatti G. & Matelli, M. (2003). Two different streams from the dorsal visual system:
Anatomy and functions. Experimental Brain Research, 153,(2), 146-157.
56

Roland, P. E., Larsen, B., Lassen, N. A., & Skinhoj, E. (1980). Supplementary motor area
and other cortical areas in organization of voluntary movements in man. The Journal of
Neurophysiology 43(1), 118–136.
Rothi, L.J.G., Ochipa, C. & Heilman, K.M. (1991). A cognitive neuropsychological
model of limb praxis. Cognitive Neuropsychology,8(6), 443-458.
Rothi, L. J., & Heilman, K. M. (1997). Introduction to limb apraxia. In L. Rothi, & K.M.
Heilman (Eds.), Apraxia: The neuropsychology of action. Psychology Press, East Sussex
U.K..
Rothi, L.J.G., Ochipa, C. & Heilman, K.M. (1997). A cognitive neuropsychological
model of limb praxis and apraxia in Rothi, L.J.G. & Heilman, K.M. (Eds.) Apraxia: The
neuropsychology of action. Psychology Press, East Sussex U.K..
Rumiati, R.I., Zanini, S., Vorano, L. & Shallice, T. (2001). A form of ideational apraxia
as a delective deficit of contention scheduling. Cognitive Neuropsychology, 18(7), 617642.
Rushworth, M. F., Hadland, K. A., Paus,T., & Sipila, P. K. (2002). Role of the human
medial frontal cortex in task switching: a combined fMRI and TMS study. The Journal of
Neurophysiology 87(5), 2577–2592.
Schultz, W., Ruffieux, A., & Aebischer, P. (1983). The activity of pars compacta neurons
of the monkey substantia nigra in relation to motor activity. Experimental Brain
Research, 51(3), 377-387.
Stoodley, C.J., Valera, E.M. & Schmahmann, J.D. (2012). Functional topography of the
cerebellum for motor and cognitive tasks: An fMRI study. NeuroImage, 59(2), 15601570.
Sunderland, A., Wilkins, L. & Dineen, R. (2011). Tool use and action planning in
apraxia. Neuropsychologia, 49(5), 1275-1286.
Tanné-Gariépy, J., Roullier, E.M., & Boussaoud, D. (2002). Parietal inputs to dorsal
versus ventral premotor areas in the macaque monkey: evidence for largely segregated
visuomotor pathways. Experimental Brain Research, 145(1), 91-103.
Talairach J. & Tournoux, P. (1988). Co-planar Stereotaxic Atlas of the Human Brain 3Dimensional Proportional System: An Approach to Cerebral Imaging. New York:
Stuttgart.
Tobias, P.V. (1965). Australopithecus, Homo Habilis, tool-using and tool making. The
South African Archaeological Bulletin, 20(80), 167-192.
57

Tobias, P.V. (1987). The brain of Homo habilis: A new level of organization in cerebral
evolution. The Journal of Human Evolution, 16(7,8), 741-761.
Valyear, K.F., Cavina-Pratesi, C., Stiglick, A.J. & Culham, J.C. (2007). Does tool-related
activity within the intraparietal sulcus reflect the plan to grasp? NeuroImage, 36(2), T94T108.
Watson, R.T., Shepherd Fleet, W., Gonzalez-Rothi, L. & Heilman, K.M. (1986). Apraxia
and the supplementary motor area. Archives of Neurology, 43(8), 787-792.

58

Appendix A: Ethics Approval

59

Appendix B
LETTER OF INFORMATION FOR PARTICIPANTS
Neural Coding Within Human Brain Regions Involved in Grasping and Reaching
Principal Investigator:
Jody Culham, Ph.D. Associate Professor
Department of Psychology

Introduction
You are being invited to participate in a research study investigating the regions of the brain that
are active when people perceive objects or act towards them. The purpose of this research is to
map and characterize areas of the human brain which are involved in using vision to perceive
the scene or to control actions such as grasping, reaching, tool use, eye movements and related
functions. This letter contains information to help you decide whether or not to participate in
this research study. It is important for you to understand why the study is being conducted and
what it will involve. Please take the time to read this carefully and feel free to ask questions if
anything is unclear or there are words or phrases you do not understand.

Research Procedures
If you agree to participate in this study, you will undergo functional magnetic resonance imaging
(fMRI) at the Robarts Research Institute. Functional MRI is a noninvasive brain imaging
technique that uses the same machine that is used in MRI for patients. MRI uses a strong
magnet and radio waves to make images of the brain. It does not involve x-rays or radiation.
When a specific region of the brain is involved in processing information, there is an associated
change in brain metabolism and blood flow to that region. These changes can be detected by
the MRI scanner as changes in the image signal intensity. These changes are particularly
prominent with stronger magnetic fields, which is why we use a 3 Tesla scanner.
At the beginning of the session, you will lie down on a table that slowly slides inside the long
hollow tube at the centre of the MRI machine. The space within the large magnet is somewhat
confined, although we have taken many steps to reduce any "claustrophobic" feelings. The
session will last up to two hours, during which you must keep as still as possible, especially
during periods lasting approximately five minutes during which the magnet is beeping
continuously. You will hear a muffled banging and beeping noises throughout the scanner
operation, but the hearing protection will reduce the sound level to an acceptable level. If you
find the sound uncomfortably loud, notify the operator immediately.
During the functional scans, you will look at images or real objects. You may be asked to look at
the displays passively, to make perceptual judgments about the displays, and/or to interact with
them by moving your eyes or reaching out to touch or grasp them. Specific instructions will be
given for each task before you begin.
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Because the MRI scanner uses a very strong magnet that will attract metal, we must be certain
that you have no metal in or on your body when you go into the scanner. Prior to participating,
you will be asked to fill out a screening checklist to evaluate whether you meet the eligibility
criteria for participation in this fMRI study. These include precautions to ensure you have no
metal in your body and, if you are female, that you are not pregnant or at risk of conceiving a
child. You will also be asked to remove any metallic personal effects (jewellery, watch, hair clips,
wallet) to be stored in a safe place while you are being scanned.
You will be in voice contact with the operator between scans (of approximately five minutes
apiece). You will also be given a squeeze ball to alert the operator during a scan. You may ask
the operator to end the experiment at any time.

Voluntary Participation
Participation in this study is voluntary. You may refuse to participate, refuse to answer questions
or withdraw from the study at any time with no effect on your academic or employment status.
You should ask to stop the experiment if you feel uncomfortable, claustrophobic or tired. You
have no obligation to participate in concurrent or future studies.

Compensation
You will be compensated $25 per hour to compensate you for your time, parking and the
inconveniences associated with participating in the study.

Benefits
There is no direct benefit to you from participating in this study. The results from this study may
help us to better understand the brain regions underlying human vision and action.

Risks
The Food & Drug Administration (USA) has indicated that for clinical diagnosis an ‘insignificant’
risk is associated with human MRI exposure at the intensities used in this project. Current
Canadian guidelines follow the USA guidelines. Although very rare, injury and deaths have
occurred in MRI units from unsecured metal objects being drawn at high speeds into the magnet
or from internal body metal fragments of which the subject was unaware or had not informed
MRI staff. To minimize this latter possibility it is essential that you complete a screening
questionnaire. Other remote but potential risks involve tissue burns and temporary hearing loss
from the loud noise inside the magnet. The latter can be avoided with ear protection that also
allows continuous communication between you and the staff during the study.

Participant Exclusion Criteria
The most important safety concern with MRI is to avoid having any metal in your body that is
deemed unsafe in a strong magnetic field. Prior to participating, you will be asked to fill out a
screening checklist to evaluate whether you meet the eligibility criteria for participation in this
fMRI study. These include precautions to ensure you have no unsafe metal in your body and, if
you are female, that you are not pregnant or at risk of conceiving a child. If you have any history
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of head or eye injury involving metal fragments, if you have ever worked in a metal shop or
been a soldier, if you have some type of implanted electrical device (such as a cardiac
pacemaker), if you have severe heart disease (including susceptibility to arrhythmias), you
should not have an MRI scan. Some surgical implants (e.g., hip or joint replacements) are made
of alloys (e.g., titanium) that are non-magnetic and are therefore safe in the MRI scanner. To
certify that your surgical implant is safe for the MRI, we must have documentation from your
physician before you will be able to participate in the experiment.

Incidental Findings
The MRI experiments carried out for this study are performed solely for scientific
purposes. The data which is collected is not optimized to make clinical
diagnoses, and the research team involved in these experiments are not trained
to make medical evaluations. By participating, you agree that the experimenters
are not expected to arrive at a clinical interpretation of the data collected.
Nevertheless, there is a small possibility that a potential abnormality might be
observed – otherwise known as an incidental finding. If this occurs you will be
notified of the issue by the principal investigator of the study who will assist you
with your options for following up. Investigators are not responsible for the
outcome of medical follow-up or for any incurred costs during medical follow-up.
By participating, you agree to the possibility of being informed about a potential
incidental finding, according to the above-described procedure. If you do not
agree to the potential risk of an incidental finding you should not participate in
this study.
Confidentiality
Any information obtained from this study will be kept confidential. Any data resulting from your
participation will be identified only by case number, without any reference to your name or
personal information. The data will be stored on a secure computer in a locked room. Both the
computer and the room will be accessible only to the experimenters. After completion of the
experiment, data will be archived on storage disks and stored in a locked room for five years,
after which they will be destroyed.
Representatives of the University of Western Ontario Health Sciences Research Ethics Board
may require access to your study-related records or may follow up with you to monitor the
conduct of the study.

Estimate of participant’s time and number of participants
Each experiment will last approximately two hours. Each experiment within the project will
involve approximately 15 subjects. The entire research project will involve approximately 400
subjects.
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